We describe a database of the single-particle optical properties cd marine microbial particles. This database includes representatives from five classes of particles: viruses (VIR), heterotrophic bacteria (BAC), cyanobacteria (CYA), small nanoplanktonic diatoms (DIA), and nanoplanktonic chlorophytes (CHLO). The optical properties of VIR, whose mean size is 0.07 pm, were determined from Mie scattering calculations using reasonable approximations about the size distribution and refractive index of viral particles. The database for BAC, CYA, DIA, and CHL0 was created from laboratory measurements of microbial cultures and modeling of particle optics. BAC are represented by a mixed natural population of bacterial species (-0.55 pm in size), CYA by Synechococcus (clone WH 8103, -1 pm), DIA by Thalassiosira pseudonana , and CHL0 by Dunaliella tertiolecta (-7.5 pm).
Achieving a detailed understanding of the roles played by various types of particles in oceanic radiative transfer is a prerequisite to advancing our knowledge of the marine optical environment and applying optical techniques to the study of the ocean. It is the fundamental processes of absorption and scattering of light by many individual particles and soluble materials present in seawater that determine the magnitudes and variability of the bulk optical properties and light field characteristics in the ocean. To achieve a comprehensive understanding of the marine optical environment and to construct reliable predictive and inverse optical models, we must first understand how each of these various water components absorbs and scatters light, and hence affects underwater radiative transfer.
It is well known that there is great variability in the inherent optical properties (IOPs) of seawater in the world's oceans. This variability induces a correspondingly large variability in oceanic apparent optical properties (AOPs), even after accounting for variability in the AOPs associated with the incident lighting and sea state. The optical properties of
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seawater are determined in large part by the suspended particulates, and the optical variability can be traced primarily to the biological components of the water, at least in case 1 waters where phytoplankton and co-varying materials are the dominant Icomponents (Morel and Prieur 1977) . Most efforts to date have been focused on developing bio-optical relationships :For such waters using a parameterization of seawater composition in terms of chlorophyll concentration alone. It has been well documented that changes in the chlorophyll a concentration (Chl) are accompanied by more or less systematic variations in the IOPs and AOPs, such as the spectral absorption coefficient a(A), the scattering coefficient b(X), the diffuse attenuation coefficient for downwelling irradiance K,(h), and ocean reflectance R(X) (e.g. Smith and Baker 1978; Gordon and Morel 1983; Morel 1988) . The correlations between chlorophyll concentration and optical properties have formed the basis of statistically derived biooptical models that predict IOPs and AOPs given Chl, or vice versa (e.g. Morel 1988 ).
Although such chlorophyll-based bio-optical models may often satisl'actorily predict average values as obtained from water samples taken at many locations and times, these models say nothing about the variability observed in different water samples, each of which has the same chlorophyll concentration. We here refer to this variability as random, which is used in a sense that the measured optical properties differ in a seemingly random manner from the mean values predicted by chlorophyll-based bio-optical models. As a result of this variability, any particular measured IOP or AOP can frequently differ by a factor of two or more from the value predicted by the bio-optical model. For example, data presented in Gordon and Morel (1983) show a three-fold variation in the scattering coefficient b(550) at any given chlorophyll concentration in case 1 waters. These random variations are much larger in case 2 waters, which include most coastal areas of the world's oceans where components other than phytoplankton and their derivatives are optically significant (e.g. resuspended sediments, terrigenous particles, or dissolved organic matter). The data of Gordon and Morel show that b(550) may vary by one order of magnitude or more for a given Chl if case 2 waters are considered.
A major motivation for the present work is provided by the hypothesis that the seemingly random variability in the chlorophyll-based bio-optical models can be explained in terms of the detailed composition of seawater. We think that much of this variability is due to the wide range of microbial particles (chlorophyll-bearing or not) and nonliving particles present in seawater. We thus expect that an improved understanding of the marine optical environment can be gained if we progress beyond the overly simplified parameterization of marine particulates in terms of chlorophyll concentration alone.
The most rigorous approach to understanding the complicated marine optical environment begins with determining the optical properties of each of the various optically significant components of seawater. A definitive approach clearly should consider the optical properties of every species of aquatic components present in a water body, as well as the possible intraspecies variability in these properties. Such an approach is clearly unattainable because of the wide variety of particulate and dissolved species in natural water bodies. An alternative approach is to select a number of species or components that realistically represent the mix of suspended and dissolved matter that affects the marine optical environment. We are taking such an approach in the present work, which combines the single-particle optical database of various microbial particles with radiative transfer modeling. In contrast to correlational, chlorophyll-based bio-optical models derived from statistical analysis of (usually incomplete) field data, our approach leads to the development of a comprehensive mechanistic model of the marine optical environment.
To utilize such a mechanistic approach requires knowledge of the optical cross sections of various kinds of aquatic components including microbial particles. These optical cross sections represent the amount of absorption and scattering that may be attributed to a unit concentration of a given component. In this work we specifically use the absorption and scattering cross sections that are attributed to a single particle representative of a given microbial species. These single-particle cross sections provide linkages between the bulk IOPs of a water body and the number concentrations of its particulate components. Importantly, if the optical cross sections and concentrations are known for a given species of particulate assemblage, it is possible to determine the contribution of this species to the bulk optical properties of the water body and hence to determine its effect on radiative transfer in that water body.
Recent progress in two research areas has made it possible to undertake this study. First, there has been a considerable effort to study the optical properties of different types of microbial particles, from the smallest bacteria to various nanoplankton species (e.g. Morel et al. 1993; Stramski et al. 1995 and references therein) . Second, a numerical radiative transfer model (Hydrolight 3.0) has been developed that is both accurate and computationally efficient enough to permit extensive studies of oceanic light fields as particle types, concentrations, and optical properties are systematically varied (Mobley 1994) . This paper represents the first part of our work, wherein we describe the database of single-particle optical properties of several kinds of microbial particles covering the size range from -0.05 p,rn (viruses) to -10 km (nanoplanktonic chlorophytes). This database is a result of several recent studies that combined laboratory experiments and Mie scattering calculations, and includes spectral cross sections for absorption and scattering as well as scattering phase functions. Our companion paper (Mobley and Stramski 1997) is the second part wherein we describe the use of our database in radiative transfer modeling.
Methods
The present database of the single-particle optical properties includes representatives from four classes of microbial marine particles: heterotrophic bacteria (BAC), cyanobacteria (CYA), small nanoplanktonic diatoms (DIA), and nanoplanktonic chlorophytes (CHLO). The fifth category of particles included in the database is viruses (VIR), which will also be referred to as microbial particles.
The database for BAC, CYA, DIA, and CHL0 was created by a combination of laboratory experiments and modeling of particle optics, which we describe first. As depicted in Fig. 1 , the approach used in generating this database consists of three major tasks: culturing of microorganisms, measurements, and calculations. The general design of the experiments, conditions under which the cultures were grown, and sampling strategy differed among these four microbial classes. The methodology of the measurements and calculations, however, was virtually the same regardless of the microorganism studied. We first summarize the most relevant information about the specific experiments with BAC, CYA, DIA, and CHLO. The detailed description of these experiments and methodology used can be found elsewhere (Stramski and Kiefer 1990; Stramski and Reynolds 1993; Stramski et al. 1993 Stramski et al. , 1995 .
The data for BAC represent a mixed natural population of bacterial cells (typically -0.5 km in size) rather than a single species. The bacteria were obtained from surface waters off Southern California and grown in unenriched particle-free seawater. The batch cultures were kept in the dark at -20°C. All measurements and analyses were made 7-10 days after inoculation during the stationary phase of growth. The final cell properties included in the optical database are averages based on three separate experiments performed in a similar manner.
Each of the three remaining microbial classes (CYA, DIA, and CHLO) is represented by a single species of photosynthetic microorganisms. The cyanobacteria are represented by Fig. 1 . Schematic representation of the approach for creating the optical database of microbial particles. The three highlighted quantities, o,(X), a,(X), and p(C), X), are used as input to our radiative transfer modeling as described by Mobley and Stramski (1997) .
an oceanic species belonging to the genus Synechococcus (clone WH 8103, which is -1 p,m in size), diatoms by the neritic species Thalassiosira pseudonana (-4 Fm), and chlorophytes by Dunaliella tertiolecta (-7.5 pm). These microbes were grown in monospecific cultures under defined conditions of irradiance, temperature, and nutrient supply. Specifically, CYA were grown at a temperature of -22S"C in a nutrient-replete medium under a day/night cycle in natural irradiance. The culture vessel was placed in the laboratory near an east-facing window. The duration of light and dark periods was nearly the same (i.e. 12 h). Because of cloudy skies, the integrated daily dosage of photosynthetically active scalar irradiance E,(PAR) was low (1.7 mol quanta mm2). The final database of the optical properties of CYA represents averages based on seven measurements made over a single day/night cycle. These measurements were taken at intervals of 2-4 h.
Similarly, DIA were grown in a nutrient-replete culture exposed to a day/night cycle in natural irradiance with light period lasting -12 h. The temperature of the medium was -23°C. The maximum instantaneous irradiance E,(PAR) incident upon the culture varied approximately from 500 to 600 Frno.1 quanta m-2 s-l and the daily dosage of E,(PAR) varied from 3.8 to 6.8 mol quanta m-2 among different days of the experiment. The final optical database for this species has been generated by averaging 25 measurements that were made during three successive day/night cycles. The experiments with CHL0 were conducted under nutrient-replete conditions at a temperature of 20°C. Light of constant intensity was provided on a 14 : 10 L/D cycle by halogen-vapor lamps. For all measurements and analyses the cells were. harvested at the light-dark transition. Two experiments were made with high levels of irradiance (the cells were grown under fluctuating light caused by surface-wave focusing and under constant light). In both high-light experiments the daily dosage of E,(PAR) was very similar, -41 mol quanla m-2. The third experiment was made under low irradiance (constant with time during the light period). The daily dosage of E,(PAR) in this experiment was 2.3 mol quanta m--2. For the purpose of generating the present database, the results representing the cells adapted to high and low levels of irradiance were averaged.
The second major task of the approach depicted in Fig. 1 involves measurements. The spectra of the beam attenuation coefficient, c(X), and absorption coefficient, a(A), of microbial suspensions were measured with a double-beam spectrophotometer in appropriate geometric configurations. These measurements were done in the spectral region from 350 to 750 nm with a 1-nm resolution (with the exception of the experiments with CHLO, where the range 400-750 nm was examined). The concentrations of cells, NV, were determined by using microscopic techniques for counting microorganisms. The particle size distributions (PSD) of BAC and CHL0 cells were determined by microscopy. The nonsphericity of the cells was taken into account in this size analysis. The size distribution of CYA and DIA was obtained with an electronic particle sizer (Coulter) that provides a measure of particle size in terms OF the volumeequivalent spherical diameter. Finally, the major biochemical characteristics of the cultures, which include the concentrations of Chl a and particulate organic carbon (POC), were measured by spectrophotometry of pigment extracts in acetone and dry combustion technique, respectively. The chlorophyll determinations were made for CYA, DIA, and CHL0 and carbon determinations were made for CYA and DIA.
As a final task, the data obtained from measurements were used to compute the single-particle optical and biochemical properties that comprise our final database. The major portion of Fig. 1 gives an overview of the entire computational process. The left-hand column in Fig. 1 refers to the biochemical characteristics of the cells. The cellular contents of Chl a(Ch1 per cell) and POC (C per cell) were calculated as the ratios of the concentrations of these components in suspension to cell concentration. The intracellular concentrations of Chl a(ChZJ and carbon (Ci) were determined as the ratios of the cellular contents to the average cell volumes. The study of relationships between these biochemical char-acteristics and optical properties of the cells is beyond the scope of this paper, but we use the information about the chlorophyll content per cell in some radiative transfer simulations, as described by Mobley and Stramski (1997) .
The calculations of the optical properties symbolized in the middle column in Fig c(A). Then, the spectrum of the absorption cross section a,(A) is calculated as a(A) : NV. The spectra of the attenuation cross section a,(A) and scattering cross section a,(A) are calculated in a similar manner. Note that these calculations yield the single-particle properties, a,(A) and a,(A), which are necessary to carry out our radiative transfer modeling.
Another required optical property for this modeling is the scattering phase function, p(0, A), of each microbial particle. Because routine measurements of the scattering phase function with high spectral resolution is presently impossible to accomplish, we calculated this function by combining the measurements of a(A), c(A), PSD, and NV with theoretical models of light scattering and absorption by particles. These calculations are symbolized in the right-hand column in Fig.  1 . First, the efficiency factors for absorption, Q,(A), and attenuation, Q,(A), are calculated, and from these quantities the scattering efficiency Q,,(A) is obtained as the difference between Q,(A) and Q,(A) (see Bricaud and Morel 1986 ). These efficiencies are hereafter referred to as experimental estimates. In the next step, the spectra of the imaginary part n'(A) and the real part n(A) of the refractive index of microbial particles are derived. This derivation combines optical models of light absorption and scattering by particles and the experimental estimates of the efficiency factors, Q,(A) and Q,(A) (see below). Finally, by using PSD, n'(A), and n(A) as input, the scattering phase function B(C), A) is calculated from Mie theory for homogenous spheres by means of an algorithm given by Bohren and Huffman (1983) . These calculations are made at 5-nm intervals in the wavelength A and 1" intervals in the scattering angle 8. Because the backscattering properties of particles are of special interest in the remote sensing of oc_ean color, we have also determined the Bricaud and Morel (1986) . This method uses the formula that describes the absorption efficiency of homogeneous spheres as a function of the absorption thickness parameter p' = 4an' (Duysens 1956; van de Hulst 1957) . The parameter p' combines n' with the size parameter (x = ITD n,lA, where D is the particle diameter and n, is the refractive index of the medium (water in our study). The input to the calculations is the measured PSD, which accounts for the polydispersion of microbial cultures. The theoretical estimates of absorption efficiency Q, at any given wavelength A are varied iteratively as a function of the sole variable n' until the calculated Q, matches its experimental counterpart. These calculations are performed for each wavelength separately, thus yielding the n'(A) spectrum. This method provides a unique solution because Q, is a monotonic function of n' for any given A and PSD.
The real part of the refractive index, n(A), of the examined microorganisms was also derived through an inverse method. This method involves an iterative search that is based on the concept described by Stramski et al. (1988) , with the exception that we now use the Mie scattering theory rather than the anomalous diffraction approximation. The assumption of homogeneous spheres is still invoked in this derivation of n(A). For each wavelength A the Mie calculations of the attenuation efficiency Q, are performed iteratively by varying the refractive index n within the plausible range for microorganisms, generally from 1.01 to 1.10. The input to these calculations includes the measured PSD and the derived n'(A). Given that PSD and n'(A) are fixed, the variation in the real part of the refractive index n is the only factor that induces the changes in the theoretical estimates of Q,. This iteration continues until the calculated efficiency Q, converges on its experimental counterpart, which yields the solution for n at the examined wavelength A. This method for deriving n(A) involves some complexity and limitations, which can be discussed within the framework of the Mie scattering theory. According to this theory, the attenuation efficiency Q, of a nonabsorbing particle displays characteristic variations as a function of the phase-shift parameter p = 2a(n -1). With increasing values of the phase-shift, Q, initially increases and reaches the first major maximum for p of about 4. Beyond this maximum, Q, exhibits a series of oscillations with diminishing amplitude. These oscillations occur around Q, = 2, which is the limiting magnitude of the attenuation efficiency for large p values. If absorption is added, the oscillations as well as the magnitude of Q, at its first maximum decrease with increasing n'. Furthermore, if one considers the attenuation efficiency representing a relatively narrow particle size distribution (like a culture of single microbial species), the effect of such polydispersion is to reduce the maximum magnitude of Q,, shift the position of this maximum toward smaller values of p, and damp the Q, oscillations that otherwise occur beyond the first maximum (Morel and Bricaud 1986 ). All these features of the theoretical function Q,(p) have important implications for the utility of our inverse method for deriving n(A). It is essential to this method that the experimental estimates of Q,(A) are determined over a broad spectral range. We have determined Q,(A) from the beam attenuation measurements covering the range from near ultraviolet to near infrared. Such information enables us to approximately identify the portion of the theoretical curve Q,(p) that corresponds to the experimental spectrum Q,(A).
This identification is critical when solving for n(A) because for fixed A, n'(A), and PSD, Q, is not a monotonic function of n, and therefore multiple solutions may be found. In addition to the constraint that n for viable microbial cells suspended in water is known to be < 1.10, the information about the entire spectral pattern of Q,(A) thus plays a crucial role in determining the correct solution for n(A) at individual wavelengths. Regardless of the issue of multiple solutions, no satisfactory convergence between the experimental and theoretical estimates of Q, was reached in some spectral regions for DIA and CHLO. The values of n for the spectral regions with no satisfactory convergence were thus obtained by interpolation or extrapolation.
The described method for deriving n(A) is best suited for microbial particles less than a few micrometers in size. The problems arise with increasing particle size, and in fact this method is not applicable to particles that are so large that Q, is nearly constant and no longer sensitive to changes in n. The behavior of the function Q,(p) suggests that the method is probably limited to microorganisms that are smaller than -10 km. Additionally, the method is appropriate only for monodisperse particles or polydisperse assemblages having narrow size distributions, such as the microbial cultures in our experiments.
The derived values of the index of refraction [and hence the scattering phase function s(e, A) as well] are potentially subject to greater uncertainties than other optical characteristics in our database, such as a,(A), a,(A) and a,(A), which are determined from measurements in a direct way. These uncertainties exist partly because the optical models for deriving n' and n are based on idealized assumptions about particles (sphericity and homogeneity), which actual microbial particles may not satisfy, and partly because data from measurements used as input to these calculations may be subject to experimental error. These factors, for example, have likely led to the abovementioned lack of convergence in our calculations for DIA and CHLO, although the effect of polydispersion could have also been part of this problem.
To a first approximation, the derived values of n'(A) and n(A) represent the bulk refractive index of the examined cells. Strictly speaking, our estimates of the refractive index can be regarded as the values that provide the best match between the experimental and theoretical efficiency factors, Q2, and Q,, within the framework of the theories used for homogeneous and spherical particles. Note also that while the refractive index is critical for understanding the magnitude and variability of the single-particle optical properties, it is of no direct importance for the use of our optical database in the radiative transfer modeling. For the sole purpose of such modeling, determination of the refractive index would not be necessary if the capability to directly measure the volume-scattering function were available.
In contrast to the above-described four classes of microbial particles, no measurements of viruses (VIR) were made and all optical properties of these particles were determined using Mie scattering calculations for homogeneous spheres assuming that there is no absorption. These determinations are discussed in greater detail elsewhere (Stramski and Kiefer 199 1). Briefly, the Mie calculations were made by using reasonable approximations about the size distribution and the real part of the refractive index of viral particles. The assumed size distribution represents isometric heads of tailed viruses and is based on published data that describe nearly 180 species of viruses that infect various bacteria. This size distribution is consistent with rather scarce data on marine viruses. The real part of the refractive index is assumed to be 1.05 within the examined spectral region. This estimate was derived from the average composition of viral heads that are filled with DNA (25% of the particle volume) and water (75%) and enclosed by a thin rigid protein shell.
Results and discussion
Size distribution and refractive index-The size distribution and refractive index are major determinants of the optical properties of particles. Fig. 2 shows the size distributions of the examined microbial particles. These size distributions are characterized by positive skewness with the mean diameter being greater than the modal diameter by 5-20%, depending on the type of microbial particles. The difference in the mean diameter D of the microbial population between the largest (CHLO) and smallest (VIR) particles in the present database is two orders of magnitude. The mean diameter 13 (calculated from the mean projected area; see Stramski and Reynolds 1993) of CHL0 is -7.6 km and that of VIR is 0.072 km. The approximate values of D for BAC, CYA, and DIA are 0.55, 1.14, and 4.01 km. Accordingly, the mean projected area G of the particles changes by four orders of rnagnitude among the microbial classes, from about 4 X 10-j Frn2 for VIR to 45 pm2 for CHLO. The range of the mean particle volume V covers six orders of magnitude, from 2 X 10e4 km" for VIR to 230 km3 for CHLO.
The spectra of the refractive index are presented in Fig.  3 . The values of the imaginary part n'(A) for the photosynthetic microorganisms (CYA, DIA, and CHLO) are much higher than for the heterotrophic microbes, BAC ( Fig. 3A ; note that viruses are not shown because they are assumed to be nonabsorbing). This difference is obviously a result of absorption by pigments (chlorophylls, carotenoids, phycobilins) that are present within the photosynthetic cells. The CYA, DIP,, and CHL0 have n'(A) of the order of 1O-3 except for A > 7100 nm, where absorption is very weak. Our measurements indicated that absorption vanishes at wavelengths . near 750 nm, and accordingly the n' values were assumed to be zero at this longwave end of the examined spectrum. This observation is consistent with numerous studies of phytoplankton absorption described in the past. The most pronounced features in the presented spectra n'(A) for CYA, DIA, and CHL0 are the blue (-440 nm) and red (-675 nm) maxima associated with absorption by Chl a. The CYA spectrum also displays a distinct maximum near 490 nm owing to the absorption by phycourobilin. In the red peak, the absorption by pigments other than Chl a is usually negligible. As a consequence, the magnitude of n' in this red spectral band strongly correlates with the intracellular concentration of Chl a (Stramski and Reynolds 1993; Stramski et al. 1995) .
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In contrast to the photosynthetic microorganisms, BAC exhibit a rather featureless trend of decreasing n' with increasing h. The only remarkable absorption feature occurs near 410 nm and is caused by respiratory cytochromes. The imaginary index n'(X) of BAC in the blue and green is of the order of 1O-4 and less at wavelengths longer than 600 nm.
The magnitude of the real part of the refractive index n(h) reflects the composition of microbial particles, primarily the relative volumetric contents of water and solid constituents (e.g. Aas 1981 ). This fact has two important implications. First, the bulk refractive index of a living cell can be taken as a measure of the total organic solids present (Barer and Joseph 1954) . Similarly, the value of n can also provide a measure of the intracellular carbon concentration, because carbon is one of relatively few major elements that make up cellular materials (Stramski and Morel 1990; Stramski and Reynolds 1993; Stramski et al. 1995) . In general, living microbial cells have high water content. Therefore, the cells are rather weakly refringent when suspended in water, with the n values limited to the approximate range from 1 .Ol to 1.08 (Morel and Bricaud 1986) . Our determinations fall within this range; the values of n are as low as 1.035 for DIA and as high as 1.07 for CHL0 (Fig. 3, lower panel) .
The wavelength dependence of n within the examined spectral region is typically small. This dependence is clearly seen in the spectral curves for BAC and CYA where the values of n were derived at all wavelengths. This weak spectral dependence supports the assumed constancy of n(X) for VIR and the extrapolations for DIA (X < 550 nm) and CHL0 (X > 700 nm). For CHL0 the values of n in the blue-green portion of the spectrum were obtained by interpolation between the two relatively narrow bands (near 400 and 600 nm) where solutions were found. For this species, n determined from our method near 400 nm is significantly lower than that near 600 nm.
Optical eflciency factors and cross sections-The differences in size and refractive index among the microbial particles are responsible for large differences in their singleparticle optical properties. We begin our survey of the optical properties with Fig. 4 , which shows the efficiency factors for absorption, Q,(x), and scattering, Qb(X). The maximum values of Q, within the visible spectrum vary approximately from 0.016 for BAC (cytochrome peak near 410 nm) to 0.24 for CYA, 0.6 for DIA, and 0.68 for CHL0 (the blue band of Chl a in the vicinity of 440 nm). The very low efficiency Q, for heterotrophic bacteria is explained by very low values of the absorption parameter p' (0.019 at 410 nm and less at longer wavelengths), which in turn results from both the small size of bacterial cells and their low n'(X)." Because both cell size and n'(X) of CYA, DIA, and CHL0 are larger, the values of p', and hence Q,, are significantly higher. In the blue band of Chl a, p' is 0.4, 1.4, and 1.8 for CYA, DIA, and CHLO. The interspecies changes in p' and the associated differences in Q, for these three photosynthetic microbial classes are primarily caused by significant increases in cell size. The size parameter cx at 440 nm increases from 10.9 for CYA to 72.6 for CHLO. The differences in n'(A) are small, so they have comparatively little effect on the observed differences in Q,.
The scattering efficiency Q,(x) exhibits a significant increase with increasing size of microbial particles (Fig. 4B) . Viruses have very low Q&A), which decreases from 2 X 1O-3 in the near ultraviolet to 2 X lop4 in the red portion of the spectrum. The small size of these particles yields very low values of the phase shift parameter p, of the order of 10m2. The Q&) values for BAC and CYA are 2-3 orders of magnitude greater. Between 400 and 700 nm, Qb for BAC 400 500 600 700 Light wavelength
[ nm ] changes from 0.34 to 0.12 and for CYA from 0.97 to 0.40. The p values for these microorganisms are much higher than those for VIR. For BAC, p at 400 nm is 0.6 and for CYA is nearly 1.5. Given the range of p values, VIR, BAC, and CYA all display a decrease in Qb with increasing A, which corresponds to the first ascending slope of theoretical curve Q,,(p) (a comparison of the spectral shapes of scattering is discussed in greater detail below). DIA have the highest scattering efficiency among the examined species, even though CHL0 are larger in size. The reason for this phenomenon is that p for DIA ranges from 2.15 to 4.3 across the spectrum, and the major maximum of Qb must occur just within this range as the Mie scattering theory predicts. As shown, Qb(A) for DIA is generally close to 2, and a maximum value of 2.35 occurs near 560 nm. For CHLO, the phase shift parameter p increases further and is never <6 (for A < 750 nm), so Q,,(A) is lower; for example, Q,(400) = 1.46 and Q,(700) = 1.81. In the spectral region 430-490 nm, Qb for this species is reduced to values as low as 1.27. magnitudes and panel B the spectral shapes. The comparison of shapes is facilitated by normalizing the spectral curves to unity at 400 nm. The absorption cross section a,(A) of BAC is of the order of lo-l5 m2 cell-' in the blue and lo-l6 m2 cell-' at longer visible wavelengths. The values of a,(A) for photosynthetic microorganisms are much higher; a,(A) for CHL0 is 4-5 orders of magnitude greater than BAC. DIA have a,(A) of the order of lo-l2 and CYA 10-13-10-'4 m2 cell-'.
The understanding of these interspecies variations is achieved easily if we recall that the absorption cross section is the product of the absorption efficiency factor and the geometric projected area of the particle, a,(A) = Q,(A)G. For example, in the blue (at 425 nm) ua is -lo4 higher for CHL0 if compared to BAC, because Q, and G of CHL0 are roughl,y 50-fold and 200-fold greater, respectively. Note that because Q, increases with particle diameter (in addition to n'), some contribution to the 50-fold increase in Q, in this example is made by the increased cell size of CHLO. Although we here compare nonpigmented heterotrophic cells (low n') kth highly pigmented photosynthetic cells (high n'), it is seen that the effect of cell size alone, both directly through G! and indirectly through Q,, is extremely important to the observed interspecies range of the absorption cross The range of the scattering cross sections u,(A) in the present database covers 7-8 orders of magnitude, from lo-'* m2 cell-' for VIR to 10-l' for CHL0 (Fig. 6A) . The values of u,(A) for BAC are much lower than for larger photosynthetic species, but this difference is smaller if compared to what has been observed for u,(A). There are -3 orders of magnitude difference in u,(A) between BAC and CHLO. Again, the interpretation of these variations is provided by the relationship u,,(A) = Q,(A)G, which is analogous to the case of absorption. Because BAC are much more efficient in scattering than in absorbing light, their scattering cross sections, if compared to larger microbes, are reduced to lesser extent than their absorption cross sections. Note also that u,(A) for DIA are 2.5-3 times lower than for CHLO, although the Qb(A) values for diatoms are higher. This is because the larger size of CHL0 more than compensates for their lower Q,(A); the projected area G of CHL0 is 3.5-fold greater than for DIA.
The shape of scattering spectra also varies considerably among the microbial species (Fig. 6B) . The spectral shape of scattering for a given species is determined by the range of values for the phase shift parameter p associated with the examined spectral region. The observed changes of scattering with wavelength for VIR, BAC, and CYA can be reasonably well described as Aa, where the best--fit values for (x are -3.42, -1.82, and -1.71, respectively. Such spectral behavior is characteristic of particles having sizes that are small or comparable to the wavelength of light. Note that the exponent for VIR is fairly close to -4, which describes molecular scattering. Larger species (DIA and CHLO) show comparatively little overall spectral trend, on which wellpronounced features associated with the effect of absorption are superimposed in the blue and red bands of Chl a. Scattering phase function -The scattering phase functions B(0) for a selected wavelength of 550 nm are compared in Fig. 8 . As seen, the shape of p(0) changes dramatically among the microbial particles, which primarily reflects the differences in particle size. The p(0) function for smallest particles, VIR, is fairly close to the symmetric pattern of molecular scattering, and displays relatively little variation with the scattering angle. At 8 = 100" the scattering function has a minimum, which is 35% of p(O">. For the remaining microbial particles, including BAC whose mean diameter is virtually identical to the light wavelength of 550 nm, the p(O) function is strongly peaked in the forward direction. Within the first 10" of the forward scattering lobe, (l(O) decreases by 34.3, 55.7, 99.2, and 98.7% for BAC, CYA, DIA, and CHLO. The fraction of light scattered into backward directions by these microorganisms is extremely small as compared to forward scattering. For example, s( 180") is a very small fraction of B(O"), varying from 1.8 X 1O-4 for BAC to as low as 3.8 X lop7 for DIA.
Similar interspecies variations in p(O) occur at other wavelengths. It is, however, important to emphasize that b(O) may also exhibit significant variations with wavelength A for a given microbial species. Figure. 9 provides a comparison of p(O) at three wavelengths (400,550, and 700 nm) for two selected microbial classes, BAC and DIA. The curves for BAC show that there is a significant spectral variation in B(0) over the entire range of scattering angles with the exception of 8 in the vicinity of 15" (Fig. 9A) . In contrast to small scattering angles (< 15"), p(O) at larger angles is significantly higher at longer wavelengths than at shorter wavelengt$ For example, &45", 7cO nm) = 3.8 p(45", 400 nm) and p( 180", 700 nm) = 3.1 p(lSO", 400 nm). Somewhat larger cells, namely CYA, are characterized by similar spectral variations of p(O) (not shown here). VIR, like BAC, show a narrow range of scattering angles where spectral variations of B(e) are small (not shown here). This range of angles for VIR is in the vicinity of 75", which represents a significant shift from the 15" value for BAC. Additionally, the spectral variations in p(e) for VIR are not as large as for BAC; for e_xample, i3( 180", 700 nm) = 1.5 p( 180", 400 nm). For DIA, p(O) is only weakly dependent on 'A in forward directions, but significant spectral variations may occur at large scattering angles (Fig. 9B ). For example, at 8 = 90" the magnitude of the scattering phase function is 3-fold higher at 700 nm than at 400 nm. A similar pattern of wavelength dependence of the scattering function was also observed for the largest cells in the database, CHLO.
Backscattering properties-A requirement for interpreting measured or modeled remotely sensed reflectance is that we know the backscattering properties of particles. The back- The backscattering ratio exhibits an increasing trend with increasing wavelength of light (Fig. 10B) . The wavelength dependence of b, for VIR, BAC, and CYA can be described as AK, where the bes_t-fit value for K is 0.49, 1.91, and 1.77.
These increases in b, with increasing A can be understood noting that a given particle becomes smaller relative to the wavelength of light as A increases and by recalling that smaller particles are more effective backscatterers. Although the overall spectral trend is also present in the curves rep-0.0 resenting DIA and CHLO, there are strong effects of absorption on the spectra of b,(A) for these species. Figure 11 illustrates the backscattering cross section a,,(A), which is related to the backscattering ratio and the s_cattering cross section through their product, a,,(A) = b,(A)a,(A). Accordingly, the curves fo_ a,,(A) can be interpreted using the curves for a,(A) and b,,(A) discussed above.
Note that the interspecies variation in u,,(A) has been significantly reduced as compared to u,(A). If we compare the extreme curves, the values of u,,,,(A) for CHL0 are 4-5 orders of magnitude higher than those for VIR, as opposed to 7-8 orders of magnitude for u,(A). This difference is obviously a consequence of high backscattering ratio of very small particles. Several interesting features are also seen in the spectral behavior of u,,(A) (Fig. 11B) . The spectra u,,(A) are nearly independent of wavelength for BAC and CYA. This result is explained by the fact that the exponents cx and Chlorophyll-specijk and carbon-specific optical coefk cients-Our database also includes the spectra of the chlorophyll-specific absorption, scattering, and attenuation coefficients for CYA, DIA, and CHLO. We do not here discuss these coefficients because they are not used in our radiative transfer simulations. Note, however, that these coefficients are easily determined as the ratio of the optical cross sections on a per particle basis (discussed and shown above) to the cellular contents of Chl a. These cellular contents are 4.63 X lo-I2 mg Chl a per cell for CYA, 3.09 X lo-lo for DIA, and 1.7 1 X lo-" for CHLO. Similarly, the spectra of carbonspecific optical coefficients were determined for CYA and DIA (not shown here), and the cellular carbon contents are 2.04 X lo-lo mg C per cell for CYA and 6.68 X lo-" for DIA.
Zntraspecies optical variability-Up to this point in our discussion, we have presented the database of the optical properties that represent certain averages for each microbial species. Note, however, that the optical properties of any 4.2 v 1200 0000 1200 0000 1200 0000 1200 0000 Local Time Fig. 12 . Diel variations in the selected properties of a marine diatom Thalassiosira pseudonana. A. Mean cell diameter. B. Real part of the refractive index at 660 nm relative to seawater medium. C. Scattering cross section at 660 nm. microbial species may vary considerably in response to changes in the ambient conditions for growth. Such variations occur because living microorganisms are capable of altering their cell size, shape, biochemical composition, and, hence, refractive index, which are all important determinants of the cellular absorption and scattering properties. Some recent studies were specifically designed to provide a comprehensive characterization of the changes-in the optical properties of phytoplankton in response to varying magnitude and spectral composition of growth irradiance (Stramski and Morel 1990), limitation of growth by nitrogen availability (Reynolds et al. 1997) , and over a day-night cycle (Stramski and Reynolds 1993; Stramski et al. 1995) .
A detailed consideration of such intraspecies optical variability is beyond the scope of the present paper, so we choose to show only one example, namely diel variations in certain properties of the diatom Thalassiosira pseudonana (Fig. 12) . The data illustrated in this figure are adapted from the study by Stramski and Reynolds (1993) . As seen, both cell size and refractive index exhibited a distinct diel pattern. The cells were smallest throughout the second half of the dark period, with a mean diameter D as small as 3.80 km.
Cell size increased rapidly after sunrise, reaching a maximum in late morning or midday, with D being then as high as 4.25 l.Lrn. The real part of the refractive index, n, also varied significantly over a diel cycle, with a well-defined minimum at the end of the dark period and a gradual increase throughout the daylight hours, so that a maximum occurred near sunset (with the exception of the third day, when n peaked earlier in midday). At A = 660 nm, the values of n ranged from 1.036 to 1.055, indicating that the refractive index increment (n -1) increased by >50% during the illuminated portion of the day. These variations in cell size and refractive index resulted in large variations of cellular scattering cross section u,, as illustrated for A = 660 nm in the bottom panel of Fig. 12 . There was a deep minimum in a, just before sunrise and a sharp increase in the morning. The magnitude of these oscillations was highest on day 1 of the experiment when the daily maximum to minimum ratio in o, was 1.86. The scattering cross section of this species can thus vary nearly 2-fold over a diel cycle. The main point of relevance to the present work is that this result illustrates how much variability is unaccounted for in the developed database of the average properties. Note that in this particular case, the average values of spectral a,(X), which are included in our database of DIA, were obtained by averaging the curves just like those of Fig. 12C . Such averaging was performed at each wavelength.
Conclusions
This work represents a first step toward creating a comprehensive database of the optical properties of marine particles. Achieving this goal is a complex and laborious task. The major complication arises from the great variety of particulate species in seawater and from both inter-and intraspecies variability in their properties. It is obvious that a successful approach to creating such database cannot include every species, but instead a manageable number of particulate components must be chosen. It seems that these components can be best defined by two simple criteria. First, the sum of particulate components should account for the total bulk optical properties in a water body as accurately as possible. Second, each of the particulate components should play a specific, well-defined role in the functioning of the marine ecosystem. The latter criterion is important in the pursuit of' the linkage of optical information with biological and ecosystem models. We envision that any particulate component in the ultimate database will generally include multispecies assemblages of similarly sized particles that have similar functions in the marine environment. As an example, heterotrophic bacteria, including many different species of similarly sized living microorganisms that are all heterotrophs, can be considered as one such distinct component. Of course:, similarly sized photoautotrophic microorganisms or nonliving particles (minerals or biogenic detritus) can form separate components as well. Some planktonic species or taxa with unique optical properties (e.g. coccolitophores) will likely require consideration as separate components.
The database presented here includes five microbial components, some multispecies and some monospecific. To represent natural populations of marine particles more realistically, this database must be expanded. Specifically, detritus and mineral particles need to be added. More microbial species, both photoautotrophs and heterotrophs, from various size ranges have to be included. These additions will allow the creation of several multispecies categories of microorganisms in these size ranges, rather than using single species categories as in the present database (DIA, CHLO). The use of information from several laboratory experiments with various microorganisms made in the past (Bricaud et al. 1988; Morel and Ahn 1990, 1991; Ahn et al. 1992; Morel et al. 1993) will help to expand our database. As an example, data on Prochlorophytes, the smallest photosynthetic microorganisms that often dominate the assemblage of photoautotrophs in the oligotrophic tropical ocean and must therefore be considered as separate component in the database, are already available (Morel et al. 1993) . Also note that including the intraspecies variability seems to represent the greatest challenge in expanding this optical database.
Although the present database is not complete, it provides a comprehensive characterization of the examined microbial components. Both information about the magnitude and spectral behavior of various optical properties at the level of single particles and data about particle size and refractive index are provided, which is critical in understanding the optical properties. The major significance and applicability of the database stems from the fact that all basic information on single-particle optical properties required to carry out radiative transfer modeling (with the exception of polarization properties) is included. In our companion paper (Mobley and Stramski 1997) we show how powerful a combination of such a database and radiative transfer modeling is in the study of oceanic optics.
